Strong surface waves and currents generated by major hurricanes can produce 9 extreme forces at the seabed that scour the seafloor and cause massive underwater 10 mudslides. Our understanding of these forces is poor due to lack of concurrent 11 measurements of waves and currents under these storms. Using unique observations 12 collected during the passage of a category-4 hurricane, Ivan, bottom stress due to currents 13 and waves over the outer continental shelf in the Gulf of Mexico was examined. During 14 the passage of Ivan, the bottom stress was highly correlated with the wind with a 15 maximum of about 40% of the wind stress. The bottom stress was dominated by the 16 wave-induced stresses, and exceeded critical levels at depths as large as 90 m. 17 Surprisingly, the bottom damaging stress persisted after the passage of Ivan for about a 18 week, and was modulated by near-inertial waves. 19
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Hurricanes can produce extreme forces at the ocean bottom, even on the outer 21 continental shelf. Bottom stresses resulting from near bottom flows are less noticeable 22 than surface winds and waves. These episodic wind events modify and control the near-23 bottom environment through resuspension and transport of sediments, and redistribution 24 of organisms and chemicals. In the presence of strong surface waves, the combined 25 current-wave stress is considerably larger than the bottom stress associated only with 26 The Gulf of Mexico (GOM) region provides nearly 30% of the United States oil 36 supply and 20% of its natural gas. Hurricanes are major threats to the integrity of offshore 37 operations over the GOM outer continental shelf. Significant damage can occur to 38 underwater pipelines and to other underwater infrastructures such as oil and gas platforms 39 [Cruz and Krausmann, 2008] . There are reportedly at least 50,000 km of pipeline on the 40 seafloor of the GOM [MMS, 2006] . Damage to pipelines, which often is difficult to 41 detect unless the damage is catastrophic, can be more costly to repair than damage to the 42 [Nikuradse, 1933] , the apparent roughness ( A k ), and the height 108 of the current boundary layer ( h ). The bottom stress due to the mean current 109 is:
The combined current-wave-dissipation rate ( CW ε ) and the current-110 dissipation rate ( C ε ) were estimated using the following relationships: while assuming the constant stress layer with a logarithmic velocity profile (i.e., "law of 124 the wall") extends from the seabed to the depth of the first measured velocity above the 125 ADCP. Typically the thickness of the wall boundary layer is about 10% of the thickness 126 of the bottom mixed layer. During the passage of Hurricane Ivan, the current structure 127 was found to be frictionally driven with overlapping surface and bottom boundary layers 128 [Mitchell et al., 2005] suggesting that the entire water column over the shelf was either 129 weakly stratified or well mixed. Therefore, a 6-to 9-m-thick wall boundary layer is 130 between the currents and wave orbital velocities were not known, and therefore, the7 currents and waves were assumed to be in the same direction and the alignment angle 135 was set to zero for the computations. Since wave statistics were only sampled every 8 136 hours, estimates of CW τ and CW ε were limited to 3 times per day. The bottom currents 137 from the ADCP were sampled at 15-minute intervals, and therefore C τ and C ε were 138 computed at a higher sampling rate by interpolating 8-h estimates of C f into the ADCP 139 sampling rate. By following Madsen et al. [1993] , the wave-orbital velocity was 140 approximated as the root-mean-square amplitude of a sinusoidal wave, where water column [Deines, 1999] . Therefore the timing and the duration of the resuspension 167 of sediments (during which CW τ > the critical stress) can be identified from the echo 168 intensity. The observed critical stress is consistent with the spiking of echo intensity. The 169 resuspension occurred as the wind speed exceeded ~ 15 m s -1 and lasted for two days 170 over both 60-m and 90-m isobaths. After the passage of Ivan, the resuspension continued 171 at the 60-m isobath, and was modulated by near-inertial waves (Figure 2e ), but it was 172 considerably weaker at the 90-m isobath (Figure 2j ). The intensity of the ADCP echo was 173 enhanced up to 25 m above the instrument, implying that sediments were resuspended to 174 about 25 m above the seabed (Figure 2e,j) . 175
The relationship between bottom stress ( CW τ , C τ ) and wind speed ( 10 U ) during the 176 growing stage of the hurricane was studied by averaging bottom stresses into appropriate 177 bins as a function of the wind speed (Figure 3) . The impact of surface waves on the 178 bottom stress was not important for winds less than 8 m s 
